The core region of the Xenopus laevis pre-ribosomal RNA promoter was subjected to point mutation analysis. A total of 27 point mutants within a 78 base pair region from -64 to +14, (relative to the start of transcription at +1), were assayed by oocyte microinjection. The results locate the 3' boundary of the core promoter at +4 and the 5' boundary at between -33 and -39 and suggest that this region of the Xenopus promoter is generally similar in organisation to mammalian core promoters. In particular, the conserved guanidine nucleotides at -7 and -16 are clearly essential for promoter function. The data suggest that interactions between the transcription machinery and the promoter occur in four distinct regions around +2 to +4, -7, -17 to -20 and -28 to -33. This particular periodicity of functionally important nucleotides is consistent with a model in which all protein-DNA interactions take place from predominantly one side of the DNA helix.
INTRODUCTION
The sequence elements which constitute the pre-ribosomal RNA (pre-rRNA), RNA polymerase I (RNAP I) promoter are known to varying degrees of detail in a number of organisms, most notably human (1, 2, 3) , mouse (4, 5, 6) , rat (7, 8) , Xenopus (9,10), Drosophila (11) and Acanthamoeba (12) . These studies (with the exception of those in Acanthamoeba) indicate that a typical rDNA promoter spans around 140 to 170 base pairs (b.p.) and contains at least two distinct functional domains. These two domains, referred to as the core or minimal promoter and the upstream control element (UCE), are found in roughly equivalent positions in each organism. The core promoter is situated from about +20 to -45 with respect to the initiation site (+1), whilst the UCE is located near the upstream promoter boundary at around -140. Under certain circumstances the core promoter alone is capable of directing faithful transcription initiation. The effect of the UCE is detected under what are probably more stringent conditions, when its presence can result in a 15-100 fold increase in promotion. These two promoter elements are separated by what appears to be less important DNA sequence. However the spacing between the UCE and the core is critical. Thus in vivo the two elements probably operate in concert to promote efficient transcription by RNA polymerase I.
The Xenopus laevis rDNA promoter has been shown by deletion mapping experiments to lie between residues -142 to +6 (9, 10) . The use of linker scanning mutagenesis has located the core promoter within nucleotides -43 to +10 and the UCE to around -140 to -128 (13) . Sequence comparisons between the three Xenopus species clivii, laevis and borealis show that a strongly conserved region exists between nucleotides -33 to +4 (see review 14) . This region therefore closely corresponds to the experimentally defined core promoter.
Although deletion and linker scanning studies provide valuable information about promoter structure they do not allow functional sequence motifs to be precisely identified. Such identification can be achieved by point mutation analysis. Here we present such an analysis of the X. laevis core promoter region.
MATERIALS AND METHODS
Plasmids. p8wt. P8wt was produced by cloning a 441 b.p. Pstl-Sall fragment containing the 40S promoter and adjacent terminator, into Pstl-Sall cut pUC9 see fig. 1 .
p8ESl. This plasmid is identical to p8wt apart from a 16bp Mboll-Haell 5'-ETS deletion. Since this deletion results in a shorter pre-rRNA transcript, p8ESl was used as the internal control in the co-injection experiments.
The exact derivation of both p8wt and p8ES 1 is described in detail in reference 15, as is the construction of the point mutants.
Construction of point mutants. Briefly, the 441 b.p. Pstl-Sall fragment was isolated and sub-cloned into Pstl-Sall cut M13 mp8 and M13 mp9. The resultant single stranded phage DNAs were then subjected to bisulphite mutagenesis essentially as described in reference 16. After dideoxy DNA sequencing, the Pstl-Sall fragment was isolated from those mutants of interest and subcloned into plasmid pUC9.
Microinjection. Plasmids were purified on CsCl-ethidium bromide isopycnic gradients and finally by gel filtration on Sephacryl S200, (Pharmacia). DNA concentrations were * To whom correspondence should be addressed determined by UV absorption at 260nm and double checked by gel electrophoresis. Microinjection was carried out as previously described, (9) . Briefly, X. borealis oocytes were injected with 20nl of plasmid in injection buffer, (88mM NaCl, lOmM Tris-HC1, pH 7.4), containing 250jtg/mJ of a-amanatin. Each oocyte was injected with an equimolar mixture of the mutant and control plasmid (p8ESl) to give a total of 33Opg of injected DNA. Approximately 40 oocytes were injected with each plasmid mixture and total oocyte RNA harvested 16 to 24 hours following microinjection. For the time course experiments, approximately 160 oocytes were injected as before with an equimolar mixture of the mutant and control plasmid (p8ESl). Batches of 40 oocytes were then collected at 0.5, 1.5, 3.0 and 24 hours after injection and the RNA isolated as described.
Probe. This is shown in figure IB . Initiation from the pre-rRNA promoter was detected by SI-mapping using a Pstl-EcoRl fragment derived from p8wt which was 32 P 5'-end-labelled using T 4 polynucleotide kinase.
Sl-mapping. Hybridisation was carried out essentially as described (17), in 80% formamide, 0.4M NaCl, 40mM PIPES, Table 1 . Relative transcription obtained from densitometry. Column 1 lists the position of the mutation of interest and column 2 the relative transcription (rel. trans.) value obtained from densitometry of figure 2, i.e. from a single experiment in which all mutants were microinjected into oocytes from one frog. Minor corrections for the double mutants -51/-213 and -33/-13 were made since two control plasmids (-213 and -13, rel. trans, respectively 1.0 and 1.2) were available. It was assumed that the effect of two mutations was equal to the product of their individual effects. Column 3 displays relative transcription rates after extrapolation to time zero, (to). These results were obtained from two separate microinjection time course experiments in which the relative transcription, i.e. the ratio of mutant transcription to control transcription, was measured at 1.5, 3 and 24 hours after microinjection. Each value given was obtained by extrapolating the measured relative transcription (mutant/control) to zero time using an exponential curve. A linear extrapolation gave essentially the same results. The extrapolation corrects for RNA half life errors by estimating the ratio of mutant to control transcription at zero time, i.e. the ratio of the initial transcription rates. N/D; not determined. Column 4 shows the final combined results and it is these data which are presented graphically in figure 3A.
pH6.7. In all cases RNA from the equivalent of 6 injected oocytes was incubated with about 0.02 pmoles of probe, each SI-mapping containing around 30,000 cpm of end-labelled probe. SI digestion was carried out with 25 units of enzyme at 45 °C in 30mM Na acetate, 2mM ZnSO 4 , 0,2M NaCl, pH 4.5 for 30 min. Protected fragments were analysed on 8% polyacrylamide gels in 8M urea, 90mM tris-borate, 2mM EDTA which were subsequently dried. The signal was then detected by autoradiography at -80°C using an intensifying screen.
Densitometry. A step wedge of radioactivity, kindly provided by Dr D.Z. Staynov, was included during the autoradiography of each gel. This gave an internal standard of exposure versus film density. Densitometry using a Vitatron densitometer, was then carried out within the linear range of the film. The overall reproducibility of results between microinjections was ±30% and is indicated by the error bar in Figure 3A .
RESULTS
A X. laevis rDNA clone encompassing the entire pre-rRNA promoter and terminator, fig. IB , was subjected to bisulphite mutagenesis to introduce random point mutations. After sequence analysis, a total of 27 mutants were selected and assayed by microinjection into X.borealis oocytes in the presence of an internal wild type control (p8ESl) and the RNA polymerase II & HI inhibitor aamanatin, (see Materials and Methods). In the present study we have concentrated on the 78bp region from -64 to +14, relative to the start of transcription (+1), fig. 1C . This region includes the so-called 'core promoter'. Transcription from each mutant promoter was detected by SI-mapping ( fig. 2 ) and quantified by densitometry, see Table 1 , column 2. To reduce the variability between oocyte batches, the data in figure 2 and table 1, column 2 were obtained in a single microinjection experiment using the oocytes from one X. borealis individual. It was found that several mutations within the transcribed region very significantly reduced promotion, e.g. +2 to +5, while others actually increased promotion, e.g. +10, +11 and +14. Such results as those for +2 to +5 have also been noted in linker scanning studies of this region (13, 18) . However the effects of these point mutations could equally be due to changes in the stability of the transcript as to changes in promotion. We therefore undertook a time course study of RNA accumulation for all transcribed region mutants, including those with second mutations further upstream. The measured relative transcription levels were extrapolated to zero time in order to obtain a true measure of the relative initiation rate. From these values, which are given in table 1, column 3, it is clear that several mutations did significantly affect transcript stability, in particular those at +3 and +4. Previous linker scanning studies have identified regions as far as +23 which appear to affect promotion. Our results strongly suggest that these data could solely reflect changes in RNA half-life.
The combined data from the point mutation study (last column of table 1) is shown graphically in fig. 3A . Discussing this data, starting downstream of the initiation site, mutation of the base at +3 resulted in a very significant reduction in promotion (~0.2 of wild-type), even after correction for RNA half life effects. In addition, mutations of the adjacent bases at +2 and +4 also showed significant but smaller effects, reducing promotion to -0.5 of wild-type. The next nearest downstream mutations at +5 and +8 do not significantly affect promotion and are therefore neutral. Surprisingly mutations further downstream at +10, +11 and +14 all increase promotion by between 1.6 and 2.2 of wild-type.
Upstream of the initiation site, mutations at -2, -3 and -10 show small but significant increases in transcription (1.4 to 1.7 of wild-type). In contrast mutation of the G at -7 virtually abolishes transcription. A very low level of specific initiation however can be detected for this mutant after long exposure of the gel in fig. 2 .
The next region to show significant effects on transcription is identified by the mutations at -16, -19 and -20 and extends upstream of the oligoT 6 tract as judged by the -28, -30 and -33 mutations. The mutations at -40, -43, -45 and -51 define a long neutral region which separates what appears to be a further distinct functional promoter element, the 3' border of which is defined by the -58 and -64 mutants. A further study overlapping into this region and continuing upstream to -18U is presently underway. This study should give a better appreciation of the extent and significance of the latter region. 
DISCUSSION
Previous linker-scanning experiments on the X. laevis pre-rRNA promoter have located a probable core promoter element between residues -43 to +10, (13), figure 3C . The 3' border of the promoter had been previously identified more accurately by deletion analysis as lying between +6 and -9, (10). Some disagreement on the validity of defining a distinct core promoter comes from the data of Reeder et al. (18), figure 3C . The results obtained from our point mutation analysis generally agree more closely with Windle and Sollner-Webb (13) but allow a more detailed appreciation and identification of the functional promoter domains. Our data suggests the 5' border of the core promoter lies upstream of -33 but downstream of the neutral mutations at -40, -43 and -45. The 3' border of both the core and full promoter is however very clearly defined by our study as +4, the mutants at +5 and +8 being neutral. This boundary coincides exactly with the boundary of perfect interspecies homology in Xenopus, figure 4A . Our study has demonstrated that single point mutations within the transcribed region, in particular at +3 to +5, can significantly reduce RNA stability. In the light of this observation it is also likely that deletion (9,10) and linker-scanning (13,18) mutants ( fig. 3C ) which altered transcribed sequences could have similar effects. The data obtained from such mutants should therefore be considered with some caution. We have also shown that mutations at and downstream of +10 can cause a true increase in promotion. It may be significant that footprinting studies detect proteins which bind within this region of the ETS (Leblanc B. unpublished).
Similar to the studies in mouse (19, 20) , very few of the bases just upstream of the initiation site (-1 to -21) appear to be essential for efficient promotion, even though this region includes the best interspecies homologies. The region is perfectly conserved up to -9 in Xenopus, figure 4A, five bases up to -17 are conserved between human, rat, mouse, and Xenopus and 3 of these are even shared with Drosophila and Acanthamoeba, figure 4B . It is of course necessary to be cautious about relying too strongly on such homologies. For example, in our studies mutation of the highly conserved C at -13 has no effect, a similar result was also obtained in studies on the mouse promoter, (19, 20) . As in mouse, mutation of the conserved G at -7 almost completely abolishes promotion, but we find little effect of mutating other bases in this region. However it is not yet possible to conclude that -7 is the only important base between -1 and -15.
The G to A mutation at the non-conserved -10 position converts this base pair to the one found in the X. borealis and clivii promoters, fig. 4A and causes a small increase in promotion. Since our experiments were performed in X. borealis oocytes, this mutation probably adapts the X. laevis promoter more perfectly to its assay environment. This also implies that -10 is a functionally important base. A linker scanning mutant changing -2,-3,-5 and -6 was shown to strongly affect promotion (18) . Our study shows that mutations at -2, -3 and -6 are neutral when assayed individually. It can then be deduced that the A at -5 is probably essential for promotion in Xenopus. As yet no data at all exists for the conserved bases at -1 and -4.
The sequence between -16 and -33 must comprise an extensive functional region, since every point mutation resulted in a loss of promoter activity to a greater or lesser extent. It is impossible to say from the present data whether this constitutes a distinct promoter domain from that of the -10 to +4 region, since too few mutants have been analysed in the intervening sequence. However, studies in the mouse and human systems demonstrated that in each case the cognate transcription factor(s) interacts most strongly with the core promoter somewhere between -7 to -21 (21, 22) . It may be significant that the oligoT 6 tract is flanked from -37 to -16 by the almost perfect palindrome :-
5'-CATGCtAcgctttttTgGCATG

3'-GTACGaTgcgaaaaaAcCGTAC
Interestingly this palindrome has a 15 to 17 bp spacing. This spacing brings two equivalent DNA surfaces related by rotational symmetry roughly onto the same side of the B-form helix, suggesting a binding site for a protein dimer. From studies of point mutations Kishimoto et al (20) proposed a model for the mouse rDNA promoter in which the transcription machinery interacted with the DNA helix predominantly from one side. Our data are consistent with a similar situation occuring in Xenopus, fig. 3A . The functional sequences as defined by the mutations between +2 to +4, at -7 and between -16 to -20 all lie on the same side of the helix. 1.5+ turns further upstream and thus again on the same side of the helix, the second portion of the above palindrome occurs centred at -34 to -36. This places the base at +1 a quarter turn away from the interaction surface and thus could allow the polymerase the necessary access.
Recent studies have shown that an NFl-like factor present in Xenopus nuclear extracts forms a DNasel footprint on the X. laevis core promoter (23) . This footprint is centred around an authentic NF1 binding site and protects a region between -5 to -30. In this context it is interesting to note that mutations within the NF1 recognition site at -19 and -20 do reduce promotion (see fig. 2 and 3A) . However, there is no evidence to suggest that this NFl-like factor plays any role in RNA polymerase I transcription. In addition the same authors report that there is at least one other protein present which footprints to the same general region. This protein has recently been identified as the Xenopus equivalent of the human RNAP I transcription factor UBF1 and has been shown to interact with the Xenopus core promoter (Pikaard C.S. Mcstay B. Schultz M.C. Bell S.P.and Reeder R.H. in press).
